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Clinical enterococcal resistance to linezolid is defined by the presence of the G2576T mutation. We evaluated
the incidence of genetically proven linezolid resistance among vancomycin-resistant Enterococcus faecium
strains and linezolid consumption for a possible association. A relationship was found (r2 � 0.73, P � 0.03)
and predicts increasing resistance with current trends of linezolid use.

Linezolid, a member of the oxazolidinone class of antibi-
otics, exerts antibacterial activity by inhibiting the formation
of the 70S initiation complex. This ultimately prevents the
translation and replication of bacterial proteins. Enterococ-
cal resistance to linezolid (MIC, �4 �g/ml) among clinical
strains has been linked to the presence of a G2576T muta-
tion in domain V of the 23S rRNA and may be accurately
detected via PCR (8, 10, 11). Additionally, the number of
genes containing this mutation has been correlated to the
level of linezolid resistance detected (5, 6, 11). While the
presence of the mutation in low copy levels has been found
in enterococci that are susceptible and intermediate to lin-
ezolid (MIC, 1 to 4) (15), the presence of the mutation in
more than one copy generally predicts some level of reduced
susceptibility to linezolid (5, 9). The results of initial exper-
iments seem to suggest that a single copy of the G2576T
mutation imparts a proclivity to develop resistance (15). To
date, no other mutation associated with clinical linezolid
resistance among enterococci has been identified, to our
knowledge.

The results of recent work in our laboratory (9) and the
laboratories of others (3, 14) have cast doubt on the positive
predictive value of several popular phenotypic detection
methods for linezolid-intermediate or -resistant, vancomy-
cin-resistant Enterococcus faecium (LIRVREF), and the
gold standard for genotypic linezolid resistance determi-
nants in enterococci is the detection and quantification of
the G2576T mutation. Because classification of VREF as
linezolid resistant may lead to unnecessary medical tests and
treatments (12), it is important to characterize the emer-
gence of genetically confirmed resistance. In this report, we
screened clinical isolates of VREF for decreased phenotypic

linezolid susceptibility, tested those identified as LIRVREF by
phenotype for genetic resistance mutations, analyzed the preva-
lence of LIRVREF by genotype, and assessed the antimicrobial
pressure of linezolid during the same time frame.

Isolate identification. Isolates were obtained from clinical
cultures or rectal surveillance cultures from 2002 to 2007 and
were stored at �80°C. All isolates of VRE were identified to
the species level by using a Vitek 2 system (Vitek Systems;
bioMerieux, St. Louis, MO). When the species could not be
identified with Vitek 2, isolates were identified with manual
biochemical reactions (1).

Susceptibility testing. Susceptibility testing of all isolates
was performed with the Vitek 2 system using the GP61 card
and following the manufacturer’s instructions (Vitek Systems;
bioMerieux, St. Louis, MO). Isolates with a linezolid MIC of 4
mg/liter or more were assessed for genetic resistance. As the
automated system Vitek 2 has been shown to overcall resistant
results (3, 9, 14), documentation of the clinical resistance mu-
tation was required for the definition of linezolid resistance.
Results for all LIRVREF isolates were confirmed by PCR for
the G2576T mutation as previously described (9).

Molecular epidemiology. All LIRVREF isolates underwent
molecular typing using pulsed-field gel electrophoresis accord-
ing to previously published methodologies (9). The similarities
between isolates were determined by visual comparison of
DNA banding patterns using the criteria of Tenover et al. (13),
and isolates with a difference of more than six bands were
considered genetically distinct. Isolates with a difference of
three or fewer bands were considered closely related. Isolates
that were closely related and had a clinical overlap (close
proximity or shared medical services) were considered to be
possible horizontal transfers. These isolates were excluded
from calculations.

Antibiotic consumption. Antibiotic consumption was char-
acterized as defined daily doses (DDDs) per 1,000 patient
days. Linezolid doses of 1,200 mg per day were considered one
DDD (16). Linezolid consumption was obtained from antibi-
otic purchase data. Consumption was tallied for each fiscal
year from 2002 to 2007. Each fiscal year was defined by internal
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hospital standards and spanned from September through
August of the following calendar year.

LIRVREF incidence. One LIRVREF isolate per patient per
year was considered for inclusion. Events were standardized to
the data for patient days per fiscal year to obtain rates. The
definition of fiscal year remained constant throughout the
study and represented the same time period for antibiotic
utilization and LIRVREF incidence. The first distinct isolate
identified was used in all calculations.

Statistics. Data analysis was performed using Intercooled
Stata, version 9 (Statacorp, College Station, TX) (the Pearson
correlation coefficient was used to assess for a possible corre-

lation between antibiotic resistance data (nonstandardized
LIRVREF incidence) and antibiotic resistance data standard-
ized for patient days (standardized LIRVREF incidence). The
Pearson correlation coefficient was also used to assess for a
possible correlation between the number of LIRVREF isolates
per 1,000 patient days (linezolid resistance) and linezolid DDD
per 1,000 patient days (linezolid consumption). Simple linear
regression was employed, with the number of LIRVREF iso-
lates per 1,000 patient days as the dependent variable and
linezolid DDD per 1,000 patient days as the independent vari-
able. All tests were two tailed, and P values of less than 0.05
were considered statistically significant.

FIG. 1. Number of unique LIRVREF isolates per year. Asterisks indicate that a high correlation between the nonstandardized LIRVREF
incidence and the patient day-standardized LIRVREF inicidence was observed (r � 0.99, P � 0.001).

FIG. 2. DDDs of linezolid per 1,000 patient days.

VOL. 52, 2008 NOTES 2257



Results. A total of 39 LIRVREF isolates were identified
based on phenotype. Twenty-three of the isolates displayed the
G2576T mutation. Of these, 19 isolates were genetically dis-
tinct according to the pulsed-field gel electrophoresis classifi-
cation. The 19 LIRVREF-mutation-positive isolates were ob-
tained from various clinical cultures (eight blood, five wound,
three rectal swab, two urine, and one respiratory). The inci-
dence of LIRVREF increased from one to six isolates per year
in a linear trend from 2002 to 2007 (Fig. 1). The results were
isometric when LIRVREF incidence per year was compared to
LIRVREF incidence per year standardized to hospitalized-
patient-days data by Pearson’s correlation coefficient (r � 0.99,
P � 0.001) (Fig. 1). Linezolid consumption ranged from 1.3 to
11.7 DDDs/1,000 patient days (Fig. 2), and consumption in-
creased linearly from April of 2000 when linezolid was FDA
approved. A correlation was noted between linezolid consump-

tion (measured as DDD/1,000 patient days) and LIRVREF inci-
dence per 1,000 patient days (r � 0.85), and 73% of the variability
in LIRVREF incidence per 1,000 patient days was described by
linezolid consumption (r2 � 0.73, P � 0.03) (Fig. 3).

Discussion. The results of this study establish an ecological
link between linezolid consumption and increasing incidence
of enterococci with decreased susceptibility to linezolid. Pre-
vious studies have identified exposure to linezolid as a risk
factor for linezolid resistance among enterococci (4, 7). How-
ever, these studies used phenotypic testing methods to detect
linezolid resistance, and as such, the rates of nonsusceptibility
and the relationship between linezolid use and resistance re-
ported in these studies may not be an accurate reflection of the
incidence of genotypically confirmed resistance (4, 7). This is
the first report to assess the incidence of G2576T mutants in
the setting of increasing linezolid consumption and demon-

FIG. 3. Relationship between linezolid use and linezolid resistance. The variables were highly correlated (r � 0.85, P � 0.03), and the linear
trend was significant (r2 � 0.73, P � 0.03).

FIG. 4. Clinical VRE rate (one isolate per patient per year per 1,000 patient days).
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strate a correlation between linezolid consumption and geno-
typically proven linezolid resistance among VREF strains.

At our institution, linezolid use has increased since the in-
troduction of the drug in 2000. For several years, persistent use
of this agent did not appear to translate into the emergence of
resistant organisms; however, since 2002 an increase in
LIRVREF isolates possessing the G2576T mutation has been
observed. We standardized our resistance data for increasing
patient numbers in recent years and verified an increasing rate
of LIRVREF incidence despite these increases in patient cen-
sus. Additionally, we confirmed that our VRE burden did not
increase over the study period. The results shown in Fig. 4
demonstrate a stable rate of clinical VRE isolation. We previ-
ously demonstrated that commonly utilized phenotypic tests,
such as E-test and disk diffusion, do not accurately reflect the
true incidence of linezolid resistance compared to the rate of
isolation of G2576T mutants (9). These findings were further
corroborated through the work of Tenover and colleagues,
who also described significant error rates for the detection of
linezolid resistance among enterococci when phenotypic meth-
ods were utilized, with very major errors reaching rates be-
tween 20% and 40% for some automated systems (9, 14).
Additionally, disk diffusion tests and E-tests have shown 7%
major error rates (13). Only agar dilution and broth microdi-
lution methods appear to have a high correlation with the
incidence of genotypic resistance (9, 14). Data such as these
highlight the attractiveness of genetic confirmation for resis-
tance. It is especially convenient when only a single mutation is
associated with resistance, such as with the G2576T mutation
for linezolid resistance among clinical enterococci. A reliable
means of identifying linezolid resistance is critical, since false
reporting of resistance may lead to unnecessary increases in
resource utilization and subsequent patient morbidity (12).

Potential limitations of our analysis follow. First, this study
used antibiotic purchase data as a method of quantifying an-
timicrobial usage; however, since each compartmentalized
time period (1 year) was relatively long and the period ana-
lyzed (fiscal year) remained constant throughout the study, the
purchase data are thought to correlate well with actual anti-
microbial consumption. Second, horizontal spread of resistant
isolates may potentially be implicated in outbreaks of
LIRVREF (2). This is unlikely to have accounted for the
increase in resistance at our institution, since only genetically
distinct isolates were used for the calculations. As such, it
appears that the increasing isolation of genotypically con-
firmed isolates of LIRVREF has followed an increase in lin-
ezolid usage at our institution. Third, these data are ecological
and do not establish causality; however, we suggest that in-
creased linezolid consumption leads to an increase in the in-
cidence of LIRVREF. This presumption is strengthened by the
facts that the data are biologically plausible, such an associa-
tion is concordant with results of in vitro experiments, and
linezolid use and resistance are temporally linked.

Conclusion. Linezolid consumption and LIRVREF inci-
dence, as defined by the presence of the G2576T mutation, are

correlated and increasing at our institution. Due to the eco-
logical nature of the data, it is impossible to establish a causal
link, but the two processes are likely related. Future work
should attempt to discern this association.

This study was sponsored in part by a Chicago College of Pharmacy
Faculty Research Stimulation Grant, Midwestern University, Downers
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